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STATEMENT OF GOVERNMENT RIGHTS 
This invention was made with Government support under eontraet DE- 
AC0676RLO 1 830awardedhy,heU.S.Departmen«ofEner gy . The Government has 

certain rights in this invention. 

FIELD OF THE INVENTION 
The present invention re.ates to methods and compositions for hydrogenous of 
5 carbon sugars and sugar alcohols and hydrogena.ion of .ache ae.d. 

BACKGROUND OF THE INVENTION 
Current*, many of the chemicals in common use are derived from petroleum 
feedstocks. However, petroleum is present in limited underground reserves, and fire 
extraction, transportation, and refining of petroleum can have severe envrronmenta, ^ 

Lteria,s,i,isofien necessary toconvert the fermentation products or other b.oW 

Thus, it is an object of the present invention to provide new methods of convertmg 
ganger alcohois and other smah molecules into a variety of desrredchem.ca, 

"^Foralongtime, scientists and engineers have sough, toconvert sugars and sugar 
.cohoIsintootherchemica.products.Fore.ample.ConradinetahinUS.PatentNo. 
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2 852 270 (filed in 1957) reported that for increased production of propylene g.ycol, 
hydrogenolysis should be conducted over a Ni/Cu catalyst on a carrier such as 
mamesium oxide. 

to U S Paten. No. 3,030,429 (filed in 1959), Conradin e. al. stated that hydrogen 
fitting of saccharose to g.ycero, and giycols can be carried ou, in me presence , of 
pracficafiy any technically feasible catalyst, provided tha, sufficient aficah ts added to 
ensure a pH of 1 1 to 12.5. In one examp.e, it was reported that hydrogenous of an 
aq ueous saccharose solution over a nicM-on-Keselguhr cata.ya. proceeded w,th an 83 A 
conversion to a product containing 43% glycerol and 25% propylene g.ycol. 

Sirkar in U.S. Patent No. 4,338,472 (filed in 1981) reported sorb.tol 
hvdrogenolysis to produce gfycero. over a ridcelK.n-Wese.guhr ca,a,yst in which an 
Li promoter was added to the feedstrean, ,o contro. pH and prevent .eactong of rncke. 

from the catalyst. f 
TanikeUa in U.S. Paten. No. 4,404,4. 1 (filed in .983) described .he hydrops of 
sorbite, and xylite, in nonaqueous solvents containing a. least 10 mole % base. The 
catalyst used in the examp.es was nickel on si.ica/a.umin, Distribution of ethylene 
gfycol, propylene glycol and glycerol were reported. 

Gubitosa et a., in U.S. Paten, No. 5,600,028 (filed in 1995) discussed the 
hydrogenolysis of po.yhydric a.cohoU, such as sorbite., over a ruthenium-on-carbon 
ca,a.yst. to the examp.es, Gubitosa e, a!, reported that .00% of the sorbtto can be 
converted, with 41 to 5 1% of the product carbon a.oms in propylene glycol. 

Despite these and other efforts, there remains a need for new methods of 
converting sugars and sugar aicoho.s .o smaUer mo.ecu.es that have a variety of use, 

, acid into higher va.ue products such as propylene gjyco, and ^ 
especiafiy a need for new methods of such conversions .ha. provrde berter ye.d and more 
desirable product distributions. 
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SUMMARY OF THE INVENTION 
The invention provides a method of hydrogenolysis of an oxygen-containing 
organic compound, comprising: reacting an aqueous oxygen-containing organic 
compound with hydrogen at a temperature of at least 120 °C, and in the presence of a 
5 solid catalyst; where the solid catalyst comprises a Re-containing multimetallic catalyst, 
and where there is at least 25% as much C-0 hydrogenolysis occurs as C-C 
hydrogenolysis. In some preferred embodiments, at least 100% as much C-0 
hydrogenolysis occurs as C-C hydrogenolysis. In some preferred embodiments, these 
percentages (such as 25%) refer to the total amount of hydrogenolysis, in other 

10 embodiments, they refer to rates, for example, the rate of C-0 hydrogenolysis is at least 
25% as fast as the rate of C-C hydrogenolysis. It has been surprisingly discovered that a 
Ni/Re catalyst is superior to other catalysts. 

The present invention also provides a hydrogenolysis method in which a 6 carbon 
sugar, a 6 carbon sugar alcohol, or glycerol is reacted with hydrogen, at a temperature of 

15 at least 120 °C, and in the presence of a solid catalyst comprising a rhenium-containing 
multimetallic catalyst. 

In a second aspect, the invention provides a composition of matter comprising: a 
solid rhenium-containing multimetallic catalyst; water, hydrogen; and a 6 carbon sugar, a 
6 carbon sugar alcohol or glycerol. 

20 In another aspect, the invention provides a method of improving the catalytic 

activity or selectivity of a supported metal catalyst for the reaction of hydrogen with $ 6- 
carbon sugar, a 6-carbon sugar alcohol, or glycerol. In this method, rhenium is. 
incorporated in a metal catalyst to form a rhenium-containing multimetallic metal 
catalyst. The Re-containing catalyst is reduced prior to, or simultaneous with a 

25 hydrogenolysis reaction. Preferably, the reduction is carried out by exposing the catalyst 
to hydrogen gas. Preferably, the 6-carbon sugar or a 6-carbon sugar alcohol is exposed to 
hydrogen and a rhenium-containing multimetallic metal catalyst under conditions 
sufficient to convert at least 40% of the sugar or sugar alcohol to propylene glycol, 
glycerol, ethylene glycol or any combination thereof. Here, "improving" means that at the 

30 same conditions where the rhenium-containing multimetallic catalyst results in 80% 
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conversion, .he yield of propylene glycol ("PG") is improved by at leas. 5%, as compared 
witt. running .he same reaction over each of: .he same ca.alys, wi.hou. rhenium, the same 
ca.a.ys« wi.hou. rhenium bu. containing added weigh, of metal equal to the weigh, of 
rhenium in the improved method, and the same catalyst without rhenium bu. contammg 
added moles of metal equal .0 .he moles of rhenium in .he improved method. 

In ye. another aspect, the invention provides a method of improving the reaction 
of hydrogen with a 6 carbon sugar or a 6 carbon sugar alcohol. In this mettrod, 
the 6 carbon sugar, or a 6 carbon sugar alcohol is exposed .0 hydrogen and a rhemum- 
containing mul.ime.al.ic metal catalyst under conditions sufficient .0 convert a. .east 40% 
of the sugar or sugar alcohol .0 propylene glycol, glycerol, ethylene glycol or any 
combination .hereof. In this method, "improving" means ttra. when tested with a 20 
weight % glycerol in aqueous solution with 2 weigh. % sodium hydroxide, 1200 ps. (8.2 
MPa) hydrogen in a batch reac.or for four hours, tire yield of PG is improved by a. leas, 
5% as compared wi.h running .he same reaction over each of: .he same catalyst without 
rhenium, the same ca.alys, without rhenium bu, containing added weigh, of me,a. equal 
,0 the weigh, of rhenium in ,he improved me,hod, and the same ca,alys, withou, rhemum 
bu, containing added moles of metal equal ,0 the moles of rhenium in the improved 

method. . 

In another aspect, the invention provides a hydrogenolysis method tn whtch a 5 
carbon sugar, a 5 carbon sugar alcohol, >ac,a,e or .actio acid is reacted wi,h hydrogen, a, a 
temperature of a, leas, 120 °C, and in tire presence of a solid rhenium-contammg - 

multimetallic catalyst. 

ta ye, a further aspec,, the invention provides a composition of matter compnsmg: 
a solid rhenium-containing multimetallic catalyst, wa.er, hydrogen, and a 5 carbon sugar, 
a 5 carbon sugar alcohol; lactate or lactic acid. 

In another aspect, the invention provides a method of making propylene glycol, 
comprising: reacting a composition comprising lactate or lactic acid with hydrogen in me 
presence of a catalys,; where acid is added ,0 fine composition prior to the step of reacting; 
where the lactate or lactic acid is converted with a yield of a, leas, 60%; and wherem the 
D PG selectivity is at least 80%. 
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combination thereof. In this method, im provm 0 m 

, with 1 weieht % sodium hydroxide, 1200 psi (8.2 Mr a; 
% xvlitol in aqueous solution with 1 weigm . „ p . 

25 taproved by at .east 5 A as comp ^ ^ 

u • mh.it containing added moles of metal equal to the moles 01 
catalyst without rhenium but containing au 

rhenium in the improved method. 
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^invention a.oinc.udes.e.hodsof^ngUpropaned^by^onof 

ee.ed results that are superior over prior technolog.es, mcludmg. 
numerous unexpected results mat condit i 0 „s, desired 

stability of the catalytic system, mgh converses a, 

, process control to produce desired products. ^ 

si— — 

oration and method of operatton together wrf, fc* ^ ^ 

srr— 

20 elements. 

25 hydrogenating a solutron of 20 wU sorb, ^ 

producing propylene giycol mcreases by a. le 5 / ( ^ ^ ^ 

ab5 „,u.e improvement, for example the propylene glycol select y 



25%. 
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..Mu.ume.aUic" means that .he ca.a,ys. contains a, .east two me.a>s (no. .nc.ud.ng 
m e,a,s in .he oxide support such as a— in aiumnra). In preferted embodunents, 
these me.alsfunc<iontoge.her.o exhibit synergistic effect. 

Carbon Mo.ar Se,ec,ivi«y means .he percent of carbon ,n a convert d starung 
5 m a.eria. (such as a converted sugar aicohol) .ha, is .he form of .he selec.ed S p«.es. For 
ript where a so.u.ion origina.lv contains . mole sorbi.o, (i.e., 6 nro.e carbon as 

■ tar™ "«f»1ectivitv" in the present descnptions 
12.5%. Unless indicated otherwise, the term selectivity v 

10 refers to carbon molar selectivity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig . 1 illustrates various pathways for the hydrogenolysis of sorbitol andrelated 

fo ; r Xisaplotofconversionv,reactiontem P era^ 

over a Ni/Re catalyst at varying pH and flowrate. 

p^isaicofsCechvity for giycero, hydrogenation over four ca,a,ys,s at 

isJi/Re catalvst at varying pH and flowrate. 

N i/Re JL a. varying pH and nowrate, and a comparison with a Ru catalyst. 
25 pig 7 is a plot of PG selectivity vs. temperature for sorbitol hydrogenolysis over a 

N^ca.lys.a.varyingpHandflowra.e.ar.dacomparisonrvithaRnca.aiys.. 



30 catalysts. 
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Fig. 10 is a plot of selectivities vs. temperature for xylitol hydrogenolysis over 

five catalysts at 200 °C. 

Fig. 1 1 is a plot of PG selectivity vs. temperature for lactic acid hydrogenation at 
varying pH. hydrogen pressure, hydrogen-to-lactic acid ratio, and flowrate. 
5 Fig. 12 is a plot of PG selectivity vs. temperature for lactic acid hydrogenation at 

varying pH, hydrogen pressure, hydrogen-to-lactic acid ratio, and flowrate. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

10 Feedstocks useful in the present invention contain at least one of a sugar, sugar 

alcohol, glycerol, lactate or lactic acid. Preferred sugars include the sugars containing 6 
carbon chains, such as glucose, galactose, maltose, lactose, sucrose, allose, altrose, 
mannose, gulose, idose, and talose (referred to herein as "6-carbon sugars"). Another 
preferred group of sugars are the sugars containing 5 carbon chains, such as ribose, 
15 arabinose, xylose, and lyxose (referred to herein as "5-carbon sugars"). It should be 

understood that under some reaction conditions, especially basic conditions, it is believed 
that some salt-like interactions may be formed with oxy moieties on the sugars or sugar 
alcohols and these species, if present, should be included within these definitions. 

The feedstocks may be pure materials, purified mixtures or raw materials such as 
20 fermentation broth. Some feedstocks are commercially available. Some feedstocks could 
be obtained as side-products of other processes such as com processing. Indeed, another 
advantage of the present invention is that, in some embodiments, the process can use 
materials that would otherwise be disposed as waste. The feedstocks can also be 
intermediates that are formed as part of a larger process or in the same process (such as 
25 sugar alcohols produced in the initial stage of hydrogenating a sugar). For some bio- 
based materials, it may be desirable to filter the materials and/or pass them through an ion 

exchange column or columns. 

In preferred embodiments, the feedstocks include water or a nonaqueous solvent. 
Preferred nonaqueous solvents include methanol, ethanol, ethylene glycol, propylene 
30 glycol, n-propanol and i-propanol. Water is especially preferred because of its 
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10 



15 



20 



25 



nontoxicity and prevalence in fermentation processes. The inventive processes have 
broad applicability, and, in some less-preferred embodiments, the feedstock may include 
proteins and other materials. Preferably, feedstocks contain 20 to 50 wt% ofreactants 
with the balance substantially composed of solvent. 

Catalysts for the hydrogenolysis processes are metal-containing solid catalysts. 
Preferably the catalysts include a high surface area support material that is selected to 
resist degradation under the intended reaction conditions. Such support materials are 
known in the art and may include high surface area oxide supports. Carbon, zirconia and 
titania (especially in the rutile form) are especially preferred because of their stability m 
hydrothermal conditions (aqueous solutions at above 100 °C and 1 atmosphere pressure). 
Supports can also be formed of mixed or layered materials, for example, in some 
preferred embodiments the support is carbon with a surface layer of zirconia or zirconia 

mixed with catalyst metals. 

For hydrogenolysis reactions, the catalyst preferably contains rhenium. Based on 
its improvement with all metals tested thus far, it is believed that addition of rhenium will 
improve the hydrogenolysis performance of any suitable hydrogenation catalyst. 
In' preferred embodiments, the catalyst contains at least one other metal in addition to 
rhenium. Preferred additional metals include: Ni, Pd, Ru, Co, Ag, Au, Rh, Pt, Ir, Os and 
Cu, of which Ni, Pd and Ru are especially preferred, for example, Ni/Re, Pd/Re, and 
Ru/Re. In some embodiments, the most preferred additional metal is nickel. 

Preferably, the catalyst contains 0.1 to 5 weight % Re, more preferably 0.5 tcy2.5 
weight o/o Re, and still more preferably 0.5 to 1 weight % Re. Also preferably, the catalyst 
contains 1 to 10 weight % of additional metals, more preferably 2 to 7 weight % 
additional metals, and still more preferably 2.5 to 5 weight % additional metals. These 
ranges preferably occur together, for example, 0.5 to 1 weight % Re and 2.5 to 5 we lg ht 
o/o additional metals. The foregoing ranges of additional metals are based on experience 
with Ni and are believed to be appropriate for other metals; however, other metals may 

have different preferred ranges. 

Without intending to limit the scope of the invention, it is believed that the 
rhenium acts as an oxygen acceptor. The rhenium may also facilitate dispersion and 
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stabilization of the additional metal. It is an important discovery of the present invention 
that the rhenium and additional metal exhibit synergistic effects. That is, the effects on 
the catalytic activity and reaction performance are more than could be expected based on 
the performance of either metal acting alone. 

Catalysts are preferably made by incipient wetness impregnation techniques. A 
porous support may be purchased or prepared by known methods. A catalytic metal 
precursor is prepared or obtained. The precursor may be prepared, for example, by 
dissolving a metal compound in water or acid or purchasing a precursor in solution. The 
precursor may be in the form of a cation or an anion. A typical precursor for nickel may 
be nickel nitrate dissolved in water. A typical precursor for ruthenium may be ruthenium 
chloride. A typical precursor for rhenium may be perrhenic acid. Each of the precursor 
materials may be in liquid or solid form; these particles may also contain other 
components such as halides, cations, anions etc. In some preferred embodiments, organic 
solvents are avoided and the precursor impregnation solution is prepared only in water. 
Conditions for preparing precursor solution will depend on the type of metal and 
available ligands. In the case of a particulate support, such as activated carbon powders, 
the support and precursor composition can be mixed in a suspension. The porous support 
is preferably not coated by a vapor-deposited layer, more preferably the method of 
making the catalyst does not have any vapor deposition step. A catalyst metal can be 
deposited subsequent to, or simultaneous with, the deposition of a metal oxide. Catalyst 
metal components can be impregnated into the support in a single-step, or by multi-step 
impregnation processes. In a preferred method, the precursor for the catalyst component 
is prepared in a single solution that is equivalent in volume to the measured amount of 
solvent that the porous support will uptake to exactly fill all of the pore volume. This 
solution is added to the dry support such that it is absorbed by the support and fills all of 
the available pore volume. The support can then be vacuum dried in order to remove the 
solvent and leave the catalytic metal precursor to coat the surface of the support. 
Subsequent reduction will reduce the catalytic material to its metallic state or another 
oxidation state and will often disassociate the metal from its anion or cation used to make 
the metal soluble. In most cases, the catalyst is reduced prior to use. 

-10- 
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In methods of the present invention, hydrogeno.ysis of sngars and sugar alcohols 
preferably occnrs in a temperature range of 140 to 250 »C, more preferably 170 to 220 
•C The hydrogenolysis reaction should be conducted under basic conditions, preferably 
a, a P H of 8 to 13, more preferably 10 to 12. Acids, particularly lactic acid, may form 
during hydrogenolysis and neutralize some of the base. As the reaction progresses, pH 
approaches neutral and PG selectivity decreases. To ame.iora.e this problem, add.ttona. 
base can be added to increase pH. 

to now reactors, the hydrogenolysis reaction is preferably conduct* at a wetght 
hourly space velocity (WHSV) of 0.3 to 3 kg reactan. per kg catalyst per hour, to batch 
reactors, hydrogenolysis reaction times preferably range from 0.3 to 10 hours. 

I, has also been discovered that the yield of PG can be improved by neutrahztng 
or acidifying the product mixture resulting from hydrogenolysis and hydrogenating the 
product mixture under neutral or acidic conditions. Because the hydrogenolysts ts 
typically conducted in basic conditions, the product mixture contains lactate salts, to 
some preferred embodiments, solution containing lactate salts is passed through a catton 
exchange co.umn to produce lactic acid which is subsequently hydrogenated. Wht.e 
reaction with lactates and/or .actio acid has been described with regard to products of 
hydrogenolysis reactions, it should be appreciated that the descriptions are equally 
applicable to lactates or lactic acid from any source. The lactic acid hydrogenation 
reaction can be conducted utilizing any suitable hydrogenation cata.yst, but preferably 
contains at least one of Ru, P., Pd, Ir, and Rh; and more preferably, the rhenium- , 
containing catalysts described above. 

Hydrogenation of lactic acid preferably occurs in a temperature range ofl 10 to 
200 «C more preferably 140 to 170 1 The hydrogenation of lactic acid should be 
conducted under neutra, or acid conditions, preferably at a pH of 1 to 6, more preferably 



3 to 5 



to now reactors, the lactic acid hydrogenation reaction is preferably conducted a, 
a weight hourly space velocity (WHSV) of 0.3 to 3 kg reactan. per kg catalyst per hour, 
to batch reactors, lactic acid hydrogenation reaction times preferably range from 0.3 to 



0 hours. 
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In another aspect of the invention, glycerol is hydrogenated to PG. In some 
preferred embodiments, glycerol is separated (or PG and/or other hydrogenolysis 
products are removed) from a product mixture such as from sugar alcohol 
hydrogenolysis, and the resulting glycerol-enhanced (i.e., glycerol in a higher relative 
proportion than in the initial product mixture) composition subjected to hydrogenation in 
the presence of a rhenium-containing catalyst as described above. Preferred reaction 
conditions are the same as those described for sugars or sugar alcohols, although the 
glycerol to PG reaction can be operated over a higher temperature range while still 

maintaining good selectivity. 

The hydrogenation/hydrogenolysis reactions can occur in any reactor suitable for 
use under the desired conditions of temperature, pressure, and solvent. Examples of 
suitable apparatus include: trickle bed, bubble column reactors, and continuous stirred 
tank. Various additional components such as cation exchange columns, distillation 
columns, etc. are known to skilled workers and can be used in various embodiments of 

15 the present invention. 

The inventive compositions and catalytic methods can also be characterized by 
their properties. Preferably, sugars and sugar alcohols are greater than 50% converted, 
more preferably greater than 80% converted, and still more preferably greater than 90% 
converted. Preferably, these conversion rates co-occur with other characteristics of the 
inventive compositions and catalytic methods. Preferred carbon molar selectivity 
("selectivity") of sugar or sugar alcohols to PG is at least 20%, more preferably at least 
30%, and in some embodiments in the range of 25 to about 40%. Selectivity of sugar or 
sugar alcohols to glycerol is at least 20%, more preferably at least 25%, and in some 
embodiments in the range of 20 to about 32%. Selectivity of the sum of PG, EG and 
25 glycerol is preferably at least 60%, more preferably at least 75%, and in some 
embodiments in the range of 70 to about 90%. 

Various embodiments of the present invention are characterized by numerous 
surprisingly superior results including: enhanced selectivity to PG from sugar alcohols or 
glycerol; better PG yield from lactic acid with high hydrogen pressure; and enhanced PG 
30 yield by converting lactate to lactic acid. 



20 
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EXAMPLES 



Pre paration Qf Nir.kel/Rhen" "" Carbon Catalyst 
The carbon used for this preparation was a Calgon 120% CTC coconut carbon. 

Incipient wetness for the carbon was measured at 0.85 cc of liquid per gram of carbon. 

Moisture content was determined to be 1 .3%. 

The impregnation volume was calculated using the incipient wetness of 0.85 cc/g. 

The total weight of catalytic metal required is calculated by the following formula: 

W,,,,- W c *((l/Pc) - 1) 

Where W c is the weight of carbon being impregnated and P c is the weight percent of 
carbon in the reduced catalyst mix, calculated by taking 1 minus the weight percent of 
catalytic metal desired. In the case of 2.5wt%nickeV2.5wt% rhenium catalyst the P c 
value is 0.95. 

The weight of each of the catalytic metals (W Ni and \V Re ) is determined by 
multiplying the total weight of catalytic metal by the fraction that each particular metal 
represents in the total catalytic metal weight. Thus: 

W Ni - W^CPw / Pn; + p R«) 
W Re = W mU *(P R e / Pni + p R«> 

Where P Ni and P Re are the weight percents of nickel and rhenium respectively in the 
reduced catalyst. In the case of 2.5wt%nickel/ 2.5wt%rhenium catalyst the P Ni and Prc 

value are both 0.025. 

The nickel was added to the catalyst as nickel nitrate (NiN0 3 ) from laboratory 
stock chemicals. In this state, the nickel nitrate is about 20.2% nickel by weight. Thus, 
the weight of the nickel nitrate required (W NiNo3 ) is calculated by: 

- 13- 
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Wnww - W Ni / .392 



The rhenium was added to the catalyst as perrhenic acid (HRe0 4 ) from Alfa Aesar, In 
5 this state, perrhenic acid is about 54.5% rhenium by weight, although this can vary between 50% 
to 55% depending on the supplier. Thus the weight perrhenic acid needed (W„uoO is calculated 
by: 

= W Re / .545 

Approximately 1.5 times the weight of water was added to the nickel nitrate in 
order to dissolve the material. This is approximate, and designed just to dissolve the 
nickel nitrate. To this mixture, the calculated amount of perrhenic acid was added to the 
solution. The solution was added dropwise to the carbon adding about 10% of the 

15 solution at a time. Between additions, the carbon is shaken thoroughly. Care should be 
taken to add the solution slowly, as the first additions to the bare carbon heat up very 
quickly and may boil on the surface of the carbon. 

! ' After the entirety of the impregnation solution has been added, the vessel should 
be capped and let sit (with intermittent shaking) for a minimum of 15 minutes for smaller 

20 batches (5g) and at least 30 minutes for larger batches. After sitting, the vessel was 
placed uncapped into a vacuum oven and heated to 80C and held at about 20inHg (510 
mmHg) vacuum. The catalyst should be held at these conditions for 18 hours, or untiK 



dry. 

Upon removing the vessel from the vacuum oven, it was capped and allowed to 
25 cool. The catalyst was reduced before using. 

Glycerol and Sorbitol Testing Examples 

Glycerol Batch Reactor 

30 J I6.57g of Calgon 120%CTC Coconut Carbon (16 X 40 mesh) were placed into a 
jar. This carbon was determined to have an incipient wetness value of approximately 0.9 

-14- 
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cc/g for uptake of water. In a graduated cylinder, 4.57g of nickel nitrate was measured. 
To this cylinder, 1.71g of perrhenic acid was added and then topped up to 15.0ml with 
deionized water. The mixture was then allowed to sit for about 5 minutes. The solution 
was then added to the weighed carbon by pipette in 1ml increments. After each 1ml 

5 aliquot, the carbon jar was capped, shaken, and thoroughly mixed. Upon addition of the 
entire 15.0ml of solution, the carbon was sticky and slightly clumped, partially adhering 
to the inside of the jar. The loaded carbon was allowed to sit for 20 minutes, with 
intermittent shaking. The jar was placed, uncapped, in a vacuum oven set to 100°C and- 
20inHg and left to dry overnight. The jar was then capped and cooled. 

10 2.5g of the dried catalyst was then loaded into a 300cc semi-batch Parr reactor, 

which was then purged with nitrogen at room temperature. The reactor was filled to 
500psi (3.45 MPa) of hydrogen. The reactor was slowly stirred and brought up to 280°C 
and held for 16 hours. The reactor was then cooled, the gas removed, and 106.1g of a 
solution of 25% glycerol and 0.5% sodium hydroxide in water added. 600psi (4.14 MPa) 

1 5 of hydrogen was put into the reactor and the heat turned on. After 1 9 minutes, when the 
reactor reached 230°C, the pressure was raised to 1300psi (9.0 MPa) by adding hydrogen 
and held at an average pressure of 1200psi (8.2 MPa) by adding hydrogen to the reactor 
to raise it to 1300psi (9.0 MPa) whenever it dipped to 1 lOOpsi (7.6 MPa). The test was 
held at temperature for 4 hours and samples were pushed out intermittently through a 

20 valved dip tube. 

HPLC analysis of the products is shown in the following tables. All selectivity 
data is shown in carbon molar selectivity. The prefix "Eng" means that the catalyst 
support was obtained from Engelhard, and the suffix, such as "95" refers to the CTC 
value of the support provided by the manufacturer. 

25 

Table 1: Batch Glycerol Hydrogenation as a Function of Time at 230 °C 









Selectivity To 




hour 


Conversion 


PG 


EG 


Lactate 


1 


25.3 


72.3 


16.4 


14.8 


2 


37.2 


64.8 


15.0 


10.3 


4 


62.4 


66.3 


13.4 


5.1 
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Conversion and selectivity over four different catalysts as a function of time 
shown in Figs. 2 and 3. * 
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Table 2: Glycerol Batch HydrogenaUon - Conversion and Selectivity at 4 Hr, 230 



hr sample, 230C 
R.,n Catalyst 



Ni/ReRe/Ni Ni 
ratio ratio wt% 



Carbon Molar 
Lactate EG 



Gly-54 

Gly-46 

Gly-45 

Gty-55 

Gly-48 

Gly-43 

Gly-44 

Gly-39 

Gly^O 

Gly-50 

Gly-47 

Gly-51 

Gly-38 

GIy-49 

Gly-56 

Gly-41 

Gty-36 

Gly-42 

Gly-57 

Glv-37 



2%Ni/0.4%Re 

2%Ni/0.4%Re 

2%Ni/0.4%Re 

2%Ni/0.4%Re 

2%Ni/0.67%Re 

2%Ni/1.33%Re 

2%Ni/1.33%Re 

5%Ni/1%Re 

5%Ni/1%Re 

5%Ni/1.67%Re 

5%Ni/3.33%Re 

7%Ni/1%Re 

7%Ni/1%Re 

7%Ni/1%Re 

7%Ni/1%Re 

7%Ni/1.4%Re 

7%Ni/1.4%Re 

7%Ni/1.4%Re 

7%Ni/1.4%Re 

7<VnNi/2.25%Re 



5.0 

5.0 

5.0 

5.0 

3.0 

1.5 

1.5 

5.0 

5.0 

3.0 

1.5 

7.0 

7.0 

7.0 

7.0 

5.0 

5.0 

5.0 

5.0 

3.1 



0.2 

0.2 

0.2 

0.2 
0.34 
0.67 
0.67 

0.2 

0.2 

0.33 

0.67 

0.14 

0.14 

0.14 

0.14 
0.2 
0.2 
0.2 
0.2 

0.32, 



Re Pressure 
wt% MPa Conv. 

2 0 4 4.14 36 19 

2 0 4 4.14 39 16 

2 o.4 12.41 61 8 

2 0 4 12.41 60 10 

2 0.67 8.27 51 12 

2 1.33 4.14 58 9 

2 1 33 12.41 50 13 

5 1 8.27 50 10 

5 1 8.27 44 9 

5 1.67 12.41 53 13 

5 3.33 4.14 68 9 

7 1 4.14 49 16 

7 1 8.27 48 9 

7 1 12.41 53 10 

7 1 12.41 56 12 

7 14 4.14 70 8 

7 1<4 8.27 48 11 

7 i4 12.41 45 11 

7 14 12.41 55 12 

7 225 8.27_ 55 __9_ 



Table 3: Glycerol Batch Hydrogenation Over Various Catalysts 



Glycerol Hydrogenolysis 
Catalyst 

3%Ag, Eng95 
3%Re, Eng95 
1.5%Cu/1.5%Re, CCC120 
1.5%Ag/1.5%Re, CCC120 
5%Ni/5%Re. Eng121 
1.5%Ag/1.5%Re, CCC120 
5%Ni, Eng74 
3%Ni/3%Cu. CCC120 
3%Cu/3%Re,CCC120 
3%Ni/3%Re, CCC120 
9%Rh/9%Re, Eng121 
3%Ni/3%Re. CCC120 



At 4 Hours 




Conv 


PG Sel 


10.2 


39.3 


6.3 


48.3 


9.5 


45.9 


5.9 


49.5 


41.2 


63.2 


8.0 


59.2 


2.6 


88.5 


7.0 


84.0 


12.3 


76.6 


13.8 


63.8 


14.7 


70.1 


25.8 


66.9 



Lactic Sel 
31.2 
10.4 
5.3 
8.5 
20.1 
14.0 
11.1 
10.8 
8.5 
15.1 
2.7 
13.5 



EG Sel 
7.0 
3.8 
4.5 
4.1 
9.3 
5.5 
4.6 
6.1 
2.0 
14.9 
14.4 
11.2 



Temp (C) 
250 
200 
200 
200 
200 
200 
200 
200 
200 
200 
150 
200 



Selectivity 
PG 

12' 
9 
9 

13 
12 
10 
12 
11 
9 
13 
18 
12 
9 
11 
13 
10 
12 
12 
13 
13 



To: 

~2 

60 
88 
78 
76 
58 
68 
67 
64 
76 
53 
62 
64 
79 
75 
54 
63 
58 
68 
60 



Base(%) glass liner 
4.1 
4.1 



4.1 
4.1 
4.1 
4.1 
1 

' 1 
1 
1 
1 
2 



yes 
yes 
yes 
yes 
yes 
no 
no 
no 
no 
no 
no 
no 
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Table 4: Glycerol Batch Hydrogena.ion Over Various Catalysts 
Glycerol Hydrogenolysis 



Catalyst „,.. 
5%Ni/5%Re. CCC120 
5%Ni/5%Re. Eng95 
2.5%Pd/5%Re, Eng95 
5%Pd/5%Re. Eng95 
2.5%Ni/2.5%Re, CCC120 
5%Ni/5%Re, Eng95 
5%Ni/5%Re, Eng95 
5%Pd/5%Re, Eng95 
5%Pd/5%Re, Eng95 
2 5%Ni/2.5%Re. Eng95 
2.5%Pd/2.5%Re. CCC120 
5%Ni, Eng95 
5%Re, Eng95 



Conv. 


PG 


1.3-PD 


62.4 


66.3 


0.0 


49.7 


58.9 


0.0 


49.1 


50.6 


0.0 


48.9 


55.2 


0.0 


47.3 


44.3 


4.6 


47.1 


52.7 


0.0 


46.9 


53.3 


0.0 


41.0 


48.3 


0.0 


38.9 


46.8 


0.0 


38.4 


54.0 


2.4 


25.5 


50.6 


5.2 


15.7 


56.0 


0.0 


13.7 


40.2 


0.0 



Lactic 
5.1 
7.8 
7.4 
7.2 
0.0 
3.2 
0.4 
4.2 
0.4 
2.0 
0.0 
19.2 
20.6 



EG 
13.4 
15.1 
5.1 
6.0 
13.0 
17.6 
19.5 
5.4 
5.4 
14.3 
5.8 
6.1 
4.2 



Base 
(%) 



230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 



2 

2 

2 

2 

0 

1 

0 

1 

0 

0 

0 

2 

2 



, 1 fe» .he selectivity to lactate decreases substantially wth increasing tune, 
seen from .he data, .he selec.m.y ^ n ^ 

— ^TlTcZ «■"«»--•*- 

^.containing muhimelalhc ea.a -s re. ^ 
conversion. The performance of the Ni-Re catalysts F 

rt , ri , v discovered to result in enhanced PG selectivity. 

io hvdrogen pressure was unexpectedly discover 

I where base was no, added to .he glycerol feedstock, 1.3-propane .o, was . 

other product, produced). In some prelerreo em 
concen.ra,ion than .he sum of PG, EG and sugar alcohol. 



15 



or 

ier 



20 



Glycerol Flow Reactor Example 
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,3 37g of 1MSCTC Caigon Coconut Carbon ("CCC,« .6 X 40 Mesh) was p>aced 

in «o a iar To a graduated ey.inder containing ..7402 of NicKe. Nitrate was adde 
into a,ar. Toagr , opped up t0 U .5ml with deionized water. Thrs 

n fiQ74e of oerrhemc acid and men xoppcu up 

Wermrtten, ft** The carbon .„ ^ ^ ^ ^ - 

stilUdheringtothemstdeofthejar Thenar P dandco6led . 
t ol00°Cand-20inHgandl=fttodryovenught.The J arwasme PP 

o «v nirkel / 2 5% rhenium catalyst. 
The catalvst was designated as a 2.5% mcKei / z. d 

packed ,o constitute a 30cc bed. Hydrogen was passed slow.y across thebed at 

h cnressure and the bed was heated to ,20°C and held for IShours. The 
a tm „spherrc pressure and ^ ^ ^ ^ ^ ^ 

temperature was raised to 280 C ana nem 

hydr ° gen ' u • m to 1 200nsi and 160°C, and a large set of reaction 

• *^7 f «^^"^.^*-L Thiswas 
conditions were testedfor 

accomplished by processmg a 10/. glycerol (by gn > 
„ „f Stol at full reaction, while varying temperatures from 160 C to 240 C,pr 
0 ons — Oand.r.Cbywe.ghtof , 

feedstoclc), and flowrates between 15 and 200mV.tr. . 

Selected data for the glycerol hydrogenahon over a 2J '"j* 
catalyst in a flow reactor is summarized in Figures 4 and 5. The amour,, of NaOH Us 
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» at . pressure in .he range of 600 .0 .800 psi (4 to 12 MPa) hydrogen. Temperature of 

. . f , 0 ui v a t w<?t 80% more preferably at least 
om to MO °C Glycerol conversion is preferably at least »u /o, n f 
200 to 230 C. Oiyc ^ ^ ^ more 

90% and in some embodiments 80-97 A PG selectivity P 
preferably at least 6 0 o/o, and in some embodiments 60 to about 80%. 

Sorbitol Flow Reactor Examples , „ ♦ 

Theseexanrp.esusea.hesameheoaswasusedfor.heg.yeero.f.owreae.or 

resting. FoUowing .he glycero. conversion testing, .he reae.or was used ,o — fte 
lh y dro g e„, 12 0^(B3MPa)and 2 00X,andanur„berofreactioneond,..on S 

T e Led for converting .he sorbi.o. feedstock .0 PG, EG, and g.yeeroi. Thrs was 
were.es.eu. sorbito i(by weight) feedstock a. a hydrogen excessof 

aeeomplished by processing a 25/. sorbitol (by ^ 

5 10 . a. fuil reaction, white varying .he temperatures between .80 C and 2 0 C, 

Leen 0.5 and 1.5% (by weigh.), and tiowra.es between 15 and 75mVhr The ™ was 
Iparedagainstaprevious flow reactor experiment using a 2.5% rutheniuni cataiyst 
Zuivatentflowrate andbedvo.ume combination. A portion of .he res* are 

summarized in the Figures 6-8. „, ec tivitv 
From .he data i. can be observed .ha. the Ni/Re cata.ys. exhib.ted good se.ectivrty 
,„ PG white a. .he same time providing superior conversion ra.es as compared .0 a Ru 
catalyst. 

Sorbitol Batch Reactor Example 

509gofCalgonl20%CTCCoconu.Carbonwasplaced,n.oa J ar.Toa 

sit for about 5 nrinu.es. The so.ution was .hen added .0 the weighed carton by p^.e 
30 mixed. Upon addition of .he entire 4.4m. of so.ution, .he carbon was sticky and sbghtiy 



app.13053E.hydrogenolysis.doc 
10/22/01 



dumped, partiaUy adhering to the inside of the jar. The .oaded carhon was a.lowed 
for 30 minutes, with intermittent shaking. The carbon appeared mostly dry and 
with some materia, stiH adhering to the inside of the jar. The jar was placed, uncapped 
inavacuumovensetto 10 0«Cand-20mHg(510mmHg)andle ft «odr y ovenn g h.. The 

jar was then capped and cooled. 

2 53g of the dried catalyst were then loaded into a 300cc semi-batch Parr reactor, 
whi chwas.benpurgedwithnitrogena,roomtemper,ure. The reactor was filled ^ 
3 5 MPa(500psi) of hydrogen. The reactor was slow.y stirred and brought up to 280 C 
and held for !6 hours. The reactor was men cooled, the gas removed, and ^05.5gof a 
solution of 25% sorbitol and 0.94% potassium hydroxide fa, water was added. 60Ops, 
(4 ! MPa) hydrogen was put into the reactor and the heat was turned on. After20 

by adding hydrogen and the hydrogen intake va.ve was left open regulated to 1200psr 
(8.3 MPa). The test was held a. temperature for 4 hours and samples were pushed out 
intermittently through a valved dip tube. 

Samples were analyzed via HPLC to yield the results shown ,n the tables below. 
Trie 0 0 hour value corresponds to the point a. which the reactor reached operaung 
temperature. Batch data in the tables was collected in samples containing 0.94 wt A 
KOH As can be seen, selectivity to glycerol decreased with increasing reaction tune due 
0 ,o continuing C-0 hydrogeno.ysis. Although there appears to be variations in the data, » 
general, i. appears that improved hydrogen pressure causes increased converse. , 

Table 5: Batch Sorbitol Hydrogeno.ysis as a Function of Time 

g 8 8 1 

CD CD CD CD 

5 o o « <°- ™- 
* ° * -1 o o Zo 22.9 0.0 13.2 29.4 3.7 0.0 2.5 



4.0 56.3 



xylitol 


erythrilol 


X 

o 

c 

3 


lactate 


glycerol 


5.1 


1.8 


3.2 


5.2 


22.9 


8.3 


3.2 


3.6 


6.9 


20.2 


10.7 


3.6 


4.0 


8.1 


21.5 


9.6 


2.7 


2.9 


5.6 


17.4 



0.0 17.1 5.1 1-8 « - • 188 19 0 .o 1-4 

1.0 37.9 8.3 3.2 3.6 6.9 20.2 ^ ^ ^ 

2 . 0 42.6 10.7 3 40 , M 2>5 



25 
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Table 6: Batch Sorbitol Hydroge^^ 




10 



15 



Xylitol Flow Reactor Examples tc 

The catalyst used for these examples was a 2.5 /o 
' The catalyst u Thp f, oW reactor was operated as discussed above 

, , ^nonfxvlitol was converted to 30 g of PO ana zugoi^ , 
tliy.aeleotlvltyfor.beBGproauctwouldb^Og/SOso^Owe.gh., 



20 



selectivity. 
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Table 7: Xylitol Flow Reactor Summary 

Ttm p(C, .40 It. • « » » ■» •» '» ■» '» ' S0 M0 200 
feed rate «« « n <n 10 25 100 50 25 200 150 100 50 

Weight Selectivity ^ ^ ^ ^ a , 3 ,, « ,„, 

2- SSSSSSiSS5«SJ^£?i.» 



EG 24J2U/u«.imj i/h, 7 

r ir^r" .tj i: .s £ " - « « 

From this data can be seen the surprising result, that, over a Re-eontaining 
5 catalyst.higher.emperature.basiecondi.ionsandlongereontaottimesimprove 

conversion and selectivity to PG. PG yield could be increased further by acidifytng the 
lactate by-product to lactic acid followed by hydrogenation to convert the .actio actd to 
PG. 

10 Xylitol Batch Hydrogenolysis 

, Xylitol batch hydrogenolysis was conducted under conditions as descnbed above 
for sorbitol. Results are shown in Figs. 9 and 10. Xylitol conversion was measured a. 4 
hours over the catalysts (left to right in Fig. 9) 2.5 w,% Ni / 2.5 wt.% Re / C, 2.5%Ru/C, 
2 5%Rh/2.5%Re/C, 2.5%Pd/2.5%Re/C, and 2.5%Ru/0.5%Re/C. The Ni/Re catalyst 
resulted in surprisingly superior conversion. Furthermore, the Ni/Re catalyst 
demonstrated surprisingly superior selectivity to PG, EG and glycerol. 



15 



Arabinitol Batch Hydrogenolysis 

Arabinitol was subjected to hydrogenolysis under conditions similar to the xyhtol 
20 b^h^l^.l^t,«^mT*te8bdowm^H^vit«. 

Arab lnUoM Conversion Data Catalyst Description : 2.5V.NI 2.5% Re , 120 % CTC (CCC) Car b on 
(Temp. = 200 C; 1200 PS.G) % % other WL % EG+PG+Gly 

Sample* ^.Conversion ROW ^ ^ 

CSHour 55.00, 31.37% 20.31% U£ «J " * £J ^ 

1.0 Hour 75.00% 31.44% 20.27% 14.52/. 11.54/, 
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,o„o, s,o« «JJ «« nes, 

:z: ss 52: « -% o.»o% «. ^ 

Lactic Acid Hydrogenation 

Lactic Acid Batch Hydrogenation 

Calaiys. testing was conducted in a semi-batch mode under constant hydrogen 
5 pressure using a 300 cc, 316 SS Parr autoclave reactor system fitted with a Magnadnve 
L and stiver tachome.er.2.50 g of the 55794-107 ore-reduced cardyst sample was 
"ghedm.oacleanPyrexg.ass.mer.men.hefinerandmeconr^ca.ays.w^ 
2 L.demeau.oc,avebod, After pressure testing the .semh.ed reactor sys em, 
SOpsiofpurchydrogenischarged to the reactor, ,hes,i,er motor staned and s., 

oatatys. prior to introduction of the feeds. The temperature » ma,n.a,ned a. 280 C 

a 1 m 8 a nf a 19 7% lactate feedstock solution (19.89 /o lactic 
flushed with nitrogen, then 103.8 got a iy.//oiac 

j j j to ^ react or liner, containing the catalyst, through the 
arid in D I water) was added to the reactor unci, o 

15 J slplmg o, -vesse.wasthenpurgedseveraUimeswithpurehyd^ h» 

. , « i „ on Thp stirrer motor was turned on and the stirrer 
re-oressurized to 1500 psi with hydrogen. The stirrer moio 

opened to maintain the hydrogen pressure within .he vessel at a constant 2500 ps 
p^rre U q uid samples arc withdrawn ftom the vesse, after 1 , 2, and 4 hour in.erva^ 

conversions and product activities for each product axe .hen ca.cu.ated. Tab.e 9, 
below, shows data from the batch testing at 4 hours. 

25 Table 9: Lactic Acid Hydrogenation 

£ ^ c^rbonSu2fifirt TemPjilQ PressjDsi) £S£Z* E£iEl" 

' -o 225-C 1500 7.5% 19.1% 14% 

CgonPCB ^ , 2% 

2.0%Pd/5%Z./C Eag.l21%CTC 225 C 
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2.5%Ru/10%Zr/C Eng. 121% CTC 200°C 


1500 


88.5% 1 


3 0 OO/ 

32.8% 


m 10/ 
/3.3 /o 


5%Ru/C Calgonl20%CTC 200°C 


1500 


93.7% ( 


f y- AQ/ 

56.4% 


<o 10/ 


2.5%Ru/C CalgonPCB 200°C 


1500 


76.4% 


OO OO/ 

82.8% 


{LI 10/ 

03.3 /o 


2.5%Ru/10%Zr/C Calgon 120% CTC 200°C 


1500 


83.5% 


Ol AO/ 

87.0% 


•71 no/ 


5%Ru/Zr0 2 Eng. Zirconia 200°C 


1500 


52.3% 


Af A 0/ 

95.4% 


/lO oo/ 
Hy.y /o 


2.5%Ru/C 


Calgon 120%CTC 200°C 


1500 


93.3% 


74.9% 


/cn oo/ 


2.5%Ru/10%Zr/C 


CalgonPCB 200°C 


1500 


81.3% 


76.0% 


£ 1 oo/ 

61.8% 


2.5%Ru/5%Zr/C 


Calgon 120%CTC 200°C 


1500 


88.2% 


70.7% 


/C1 AO/ 

62.4% 


2.5%Ru/5%Zr/C 


Calgon PCB 


200°C 


1500 


73.6% 


<-r * £.0/ 

14.6% 


C/1 00/ 


2.5%Ru/10%Zr/C 


Calgon 130%CTC 


200°C 


1700 


89.5% 


no to/ 

78.7% 


nd AO/ 


2.0%Ru/C 


Calgon 120%CTC 


200°C 


1700 


94.2% 


HI A O/ 

71.4% 


crt 10/ 
O/.L/o 


2.5%Ru/C 


Calgon 120%CTC 


180°C 


1700 


92.9% 


Ol OO/ 

83.8% 


11 C0> 

/ / .5 /o 


2.5%Ru/C 


Calgon 120%CTC 


180°C 


2450 


96,6% 


AA 1 0/ 

90.1% 


C*7 10/ 
o / . 1 /o 


2.5%Ru/C 


Calgon 120%CTC 


160°C 


2450 


86.5% 


r\C OO/ 

95.2% 


Q1 AO/ 
OZ.H/O 


2.5%Ru/C 


Calgon 120%CTC 


180°C 


2500 


98.4% 


C\1 00/ 

93.2% 


01 70/ 

y i . / /o 


2.5%Ru/5%Zr/C 


Calgon 120%CTC 


200°C 


1600 


92.6% 


£.C\ 10/ 

69.7% 


/Cvl ^0/ 


2.5%Ru/15%Zr/C 


Calgon 120%CTC 


180°C 


2400 


88.3% 


85.6% 


7C £0/ 

/j.O/o 


2.5%Ru/C 


Calgon PCB 


180°C 


2400 


84.9% 


89.7% 


ic 10/ 


2.5%Ru/2.5%Re/C 


Calgon 120%CTC 


150°C 


2500 


95.8% 


n/c 10/ 


Q1 "70/ 

/o 


4.8%Ru/4.8%Re/C 


Calgon 120%CTC 


180°C 


2500 


98.6% 


Ol 10/ 

87.3% 


oO. 1 /o 


4.8%Ru/4.8%Re/C 


Calgon 120%CTC 


160°C 


2500 


95.0% 


94.1% 


89.4% 


1.5%Ru/C 


Calgon 120%CTC 


180°C 


2500 


93.9% 


93.9% 


88.1% 


1.5%Ru/1.5%Re/C 


Calgon 120%CTC 


150°C 


2500 


59.5% 


100% 


CA CO/ 

59.5% 


1.5%Ru/1.5%Re/C 


Calgon 120%CTC 


180°C 


2500 


99.7% - 


86.0% 


Of OO/ 

85.770 


1.5%Ru/1.5%Re/ 


Calgon 120%CTC 
5%Zr/C 


160°C 


2500 


72.1% 


93.8% 


67.6% 


l%Ru/C 


Calgon 120%CTC 


180°C 


2500 


90.3% 


90.3% 


01 AO/ 

oI.Oto 


2.5%Ru/10%Zr/ 


Calgon 120%CTC 


180°C 


2400 


16.1% 


100% 


10. 1 /o 


1.0%Ru/5%Zr/C 


Calgon 120%CTC 


180°C 


2400 


74.9% 


95.1% 


71.3% 


1.5%Ru/0.5%Re/C 


Calgon 120%CTC 


160°C 


2350 


Pll AO/ 

92.0% 


88.3% 


81.3% 


1.0%Ru/C 


Calgon 120%CTC 


160°C 


2350 


70.3% 


98.7% 


69.3% 


1.5%Ru/C 


Eng. 95%CTC 


180°C 


2400 


89.2% 


91.1% 


, 81.2% 


1.5%Ru/5%Zr/C 


Eng. 95%CTC 


180°C 


2400 


88.5% 


95.2% 84.3% 


1.5%Ru/5%Zr/C 


Calgon 120%CTC 


180°C 


2400 


89.4% 


88.9% 79.5% 
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Calgon 120%CTC 


160°C 


2430 


67.9% 


93.7% 


63.7% 


Calgon 120%CTC 


160°C 


2400 


87.0% 


91.3% 


79.5% 


Calgon 120%CTC 


160°C 


2400 


81.1% 


89.4% 


72.6% 


Calgon 120%CTC 


180°C 


2350 


93.6% 


88.9% 


83.2% 


Calgon 120%CTC 


180°C 


2450 


86.6% 


96.4% 


83.5% 


Calgon 120%CTC 


180°C 


2500 


98.3% 


76.4% 


75.1% 


Calgon 120%CTC 


180°C 


2500 


95.4% 


81.6% 


77.9% 


Calgon 120%CTC 


180°C 


2500 


99.4% 


83.4% 


82.9% 


Calgon 120%CTC 


180°C 


2500 


98.5% 


84.7% 


83.4% 


Calgon 120%CTC 


180°C 


2500 


100% 


75.0% 


75.0% 


Calgon 120%CTC 


180°C 


2500 


99.4% 


77.2% 


76.7% 


Calgon 120%CTC 


180°C 


2500 


98.7% 


85.8% 


84.7% 


Calgon 120%CTC 


180°C 


2500 


96.8% 


90.5% 


87.6% 


Calgon 120%CTC 


180°C 


2500 


98.1% 


82.6% 


O 1 AO/ 

81.0% 


Calgon 120%CTC 


180°C 


2500 


94.8% 


86.7% 


82.2% 



Zr sol prep 
1.5%Ru/5%Zr/C 
1.5%Ru/C 

1.5%Ru/5%Zr/C 
5 1.5%Ru/C 

1.5%Ru/2.5%Zr/C 

2.5%Ru/2.5%Re/C 

2.5%Ru/2.5%Zr/C 

1.5%Ru/1.5%Re/C 
10 4.8%Ru/4.8%Zr/C 

2.5%Ru/2.5%Re/C 

5%Ru/C 

3.5%Ru/C 

2.5%Ru/1.0%Zr/C 
15 3.5%Ru/l%Zr/C 

2.5%Ru/2.6%Ti/C 

It was surprisingly discovered that the higher hydrogen pressure improved 
conversion and selectivity to PG - this can be seen by comparing hydrogenation results 
run at 180 °C over Ru/C at 1700 psi (78% PG yield) versus 2450 psi (87% PG yield) and 
2500 psi (92% PG yield). Excessive zirconia (which is coprecipitated with the metal onto 
the carbon support) can reduce conversion efficiency. 

Testing was also conducted in flow reactors of the conversion of lactic acid WPG. 
Testing conditions were similar to those described above for sorbitol except that P H was 
unadjusted when preparing the lactic acid feedstock resulting in an acidic solution 
representing the P H of lactic acid at the feedstock concentration. The hydrogenation of 
lactic acid is preferably conducted in neutral to acidic conditions since it is believed that 
these conditions will avoid lactate formation. A sample of results of this testing is 
summarized in Figs. 1 1 - 12. As can be seen, in a flow reactor, conversion increases with 
30 temperature while selectivity decreases. Under the flow reactor conditions tested, it was 
surprisingly discovered that increasing hydrogen pressure increased both yield and 
selectivity while increasing the excess of H 2 to lactic acid had no significant effect on 
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either conversion or selectivity. Pressure during hydrogenation of lactic acid is preferably 
above 2100 psi (15 MPa), more preferably above 2300 psi (16 MPa), and in some 
embodiments 16 - 35 MPa. The higher pressure appears to reduce the over-reduction to 
ethanol. 

5 

CLOSURE 

While preferred embodiments of the present invention have been shown and 
described, it will be apparent to those skilled in the art that many changes and 
10 modifications may be made without departing from the invention in its broader aspects. 
The appended claims are therefore intended to include all such changes and modifications 
as fall within the true spirit and scope of the invention. 
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